33rd Annual International Conference of the IEEE EMBS
Boston, Massachusetts USA, August 30 - September 3, 2011

Mitochondrial Membrane Permeabilization with Nanosecond
Electric Pulses

P. Thomas Vernier, Senior Member, IEEE

Abstract—  Ultra-short,  high-field electric  pulses
permeabilize plasma and intracellular membranes. We report
here  nanosecond pulse-induced permeabilization of
mitochondrial membranes in living cells. Using four
independent methods based on fluorescent dyes — JC-1,
rhodamine 123, tetramethyl rhodamine ethyl ester, and cobalt-
quenched calcein — we show that as few as five, 4 ns, 10 MV/m
pulses delivered at 1 kHz cause an increase of the inner
mitochondrial membrane permeability and an associated loss
of mitochondrial membrane potential. The most likely
interpretation of these results is a pulse-induced
permeabilization of the inner mitochondrial membrane.

I. INTRODUCTION

Nanosecond, megavolt-per-meter pulsed electric fields
not only permeabilize the plasma membrane [1], but
also nondestructively perturb the intracellular environment,
causing calcium bursts [2,3], eosinophil sparklers [4],
vacuole permeabilization [5,6], and the appearance of
apoptotic indicators such as release of cytochrome c into the
cytoplasm [7] and caspase activation [8,9]. To test the
theoretical prediction of permeabilization of mitochondria
by nanosecond electric pulses [10], which might then be
followed by release of apoptosis-inducing factors into the
cytoplasm, we investigated the effects of nanoelectropulses
(4 ns, 10 MV/m) on mitochondrial membrane permeability
and mitochondrial membrane potential by monitoring JC-1
[11], rhodamine 123 (R123), tetramethyl rhodamine ethyl
ester (TMRE) [12, 13], and cobalt-quenched calcein [14]
fluorescence after nanoelectropulse exposure. We also
measured plasma membrane permeabilization as indicated
by influx of YO-PRO-1 and propidium iodide (PI) [1]. Our
results are consistent with pulse-induced permeabilization of
mitochondrial membranes and an associated loss of
mitochondrial membrane potential. At lower pulse doses we
see a reduction in mitochondrial membrane potential with
minimal plasma membrane permeabilization, suggesting that
under some conditions significant intracellular membrane
permeabilization can be achieved without significant
permeabilization of the external cell membrane.
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II. MATERIALS AND METHODS

A. Cell Culture

Jurkat T lymphoblasts (ATCC TIB-152) were grown in
RPMI 1640 (Mediatech) containing 10% heat-inactivated
fetal bovine serum (Gibco), 2 mM L-glutamine (Gibco), 50
units/mL penicillin (Gibco), and 50 pg/mL streptomycin
(Gibco). Cells were cultured at 37 °C in a humidified, 5%
CO, atmosphere and concentrated to 2 x 10’ cells/mL for
pulse treatment.

B. Pulsed Electric Field Exposures

For microscopic observation, cells were placed in a
microchamber 100 pm wide, 30 um deep, and 15 mm long,
with platinum electrode walls on a glass microscope slide. A
resonant-charged, solid-state Marx bank-driven, hybrid-core
compression, diode-opening switch pulse generator designed
and assembled at the University of Southern California [15]
delivered 4 ns, 10 MV/m electrical pulses at a 1 kHz
repetition rate to the microchamber electrodes mounted on
the microscope stage in ambient atmosphere at room
temperature. For JC-1 experiments cells were exposed to 20
ns, 2 MV/m pulses in electroporation cuvettes [9].

C. Fluorescence Microscopy

Observations of live cells during and after pulse exposure
were made with a Zeiss Axiovert 200 epifluorescence
microscope with 63X water immersion objective and
Hamamatsu ImageEM EM-CCD camera. Captured images
were analyzed with Hamamatsu SimplePCI software. For
JC-1 experiments cells were analyzed with flow cytometry,
as previously described [9].

1. Cobalt-quenched calcein. After loading of cells with
calcein-AM (Molecular Probes), mitochondria can be
identified by the cobalt quenching of cytoplasmic but not
mitochondrial calcein fluorescence (cobalt ions are taken up
by cells but do not readily pass through the mitochondrial
membrane) [14,16]. Cells were loaded with 500 nM calcein-
AM in the presence of 1 mM CoCl, at 37 °C in a 5% CO,
atmosphere for 20 minutes. Before pulse treatment, cells
were washed and resuspended in fresh RPMI 1640 with or
without 1 mM Co*" in the medium.

2. Mitochondrial  transmembrane  potential-sensitive
Sfluorochromes JC-1 [11], rhodamine 123 (R123) and
tetramethyl rhodamine ethyl ester (TMRE) [12,17,18]. Cells
were incubated with 750 nM JC-1 (Invitrogen, Molecular
Probes), 1 uM R123 (Invitrogen, Molecular Probes) for 45
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minutes or 50 nM TMRE (Invitrogen, Molecular Probes) for
20 minutes. After incubation, cells were centrifuged and
resuspended in fresh RPMI 1640 for pulse exposure. For a
positive control, the proton ionophore uncoupler of oxidative
respiration carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) was added to the cell suspension at 20 uM [19].

3. MitoTrackers. MitoTracker Green and MitoTracker
Orange (Invitrogen, Molecular Probes) were used to confirm
the labeling of mitochondria. Cell loading was performed
according to the manufacturer’s protocol (100 nM
MitoTracker Orange with cobalt-quenched calcein and R123
and 50 nM MitoTracker Green with TMRE).

4. Plasma membrane integrity. Intracellular YO-PRO-1
(Invitrogen, Molecular Probes) and propidium iodide (PI;
Invitrogen, Molecular Probes) fluorescence were used as
indicators of plasma membrane permeabilization as
described previously [1]. Cells were suspended in RPMI
1640 with 10 uM YO-PRO-1 or 7.5 uM PI just before pulse
delivery.

III. RESULTS

A. 5-Nanosecond Electric Pulses Cause Loss of
Mitochondrial Membrane Potential

The green:red ratio of intracellular JC-1 fluorescence is
increased (Fig. 1), and the intracellular fluorescence of R123
and TMRE is significantly reduced (Fig. 2) following
nanoelectropulse  exposure, indicating a loss of
mitochondrial membrane potential. The extent of pulse-
induced mitochondrial membrane permeabilization depends
on the number of pulses — more pulses cause a greater
increase in the JC-1 green:ired fluorescence ratio and a
greater reduction in R123 and TMRE fluorescence.

B. Mitochondrial Depolarization Is Detected At Lower
Pulse Counts Than Plasma Membrane Permeabilization

Fluorescence of calcein-stained, cobalt-quenched cells
without cobalt ions in the external medium decreased after
exposure to 5, 10 and 20 pulses, indicating mitochondrial
membrane permeabilization (data not shown). No
fluorescence decrease was observed after exposure to 30
pulses or more under these conditions. We interpret this to
mean that plasma membrane permeabilization at these
higher pulse numbers allows cobalt ions to leak out of the
cells, dequenching the calcein fluorescence. On the other
hand, fluorescence of calcein-stained, cobalt-quenched cells
in medium containing cobalt ions decreased significantly
after the application of 20 pulses and decreased further at
higher pulse numbers (30 and 100). Under these conditions
cobalt ions in the external medium allow calcein quenching
even after permeabilization of the plasma membrane, since
the Co*" concentration gradient favors an inward flux of
cobalt ions rather than a decrease in cytoplasmic Co?".
YO-PRO-1 influx, an indicator of plasma membrane
permeabilization, is detectable even with five, 5 ns pulses,
with significantly increased dye uptake at 20 and more
pulses (data not shown). Although PI is a less sensitive

detector of plasma membrane permeabilization than YO-
PRO-1 [1], a small but significant influx of PI was detected
after applying 20 pulses or more.

IV. DISCUSSION

The nanosecond pulsed electric field-induced decreases in
fluorescence emissions of R123, TMRE, and cobalt-
quenched calcein, and the increase in the JC-1 green:red
fluorescence ratio reported here are consistent with the
hypothesis that nanoelectropulse exposure permeabilizes the
inner membrane of mitochondria, with an associated loss of
mitochondrial membrane potential. We cannot say, however,
whether the pulse-induced decrease in mitochondrial
membrane potential results from the formation of
mitochondrial membrane permeability transition pores (or

other apoptosis-related pores) or from the direct
electroporation of the inner mitochondrial membrane.
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Fig. 1. Increased green:red fluorescence emission in JC-1-labeled

Jurkat lymphoblasts after exposure to 20 ns, 2 MV/m electric pulses
indicates loss of mitochondrial membrane potential. Cells recover
within one hour.

We interpret the combination of the cobalt-quenched
calcein and YO-PRO-1 and PI influx results to mean that
substantial plasma membrane permeabilization occurs with
pulse numbers greater than 20. This apparent threshold is at
least in part a consequence of the detection sensitivity of the
methods. We know already that YO-PRO-1 is a more
sensitive indicator of plasma membrane permeabilization
than PI [1,20], and we see minimal PI influx with a 20-pulse
exposure under the conditions we employed in this work,
while at the same time even 5 pulses result in measurable
YO-PRO-1 entry into the cell. Similarly, using the cobalt-
quenched calcein method for mitochondrial labeling without
Co*" in the medium, we observe an increase of calcein
fluorescence with pulse counts above 20, suggesting a leak
of intracellular Co*" through the permeabilized plasma
membrane, resulting in calcein dequenching. This
interpretation is supported by the observation that no
dequenching is observed when Co®' is included in the
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suspending medium at the loading (quenching)

concentration.

30 p, 3 minutes after pulsing

Fig. 2. Fluorescence micrographs of Jurkat T lymphoblasts showing
reduction of TMRE fluorescence emission (reduction in
mitochondrial membrane potential) after exposure to 30, 4 ns, 10
MV/m electric pulses.
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